Abstract: Perovskite thin films with excellent optical semiconductor and crystallization properties and superior surface morphology are normally considered to be vital to perovskite solar cells (PSCs). In this paper, we systematically survey the process of modulating surface morphology and optical semiconductor and crystallization properties of methylammonium lead iodide film by controlling doping of K + for PSC prepared in air and propose the mechanism of large K + -doped perovskite grain formation related to crystallization speed. The increase in the crystallization speed leads to the production of large grains without localized-solvent-vapor (LSV) pores via moderate doping of K + , and the exorbitant crystallization speed induces super large grains with LSV pores via excessive doping of K + . Furthermore, the semiconductor properties (absorption band edge wavelength, PL emission peak wavelength, energy band gap) of perovskite film can be significantly tuned by controlled doping of K + . The investigation of the detailed process of modulating surface morphology and semiconductor properties of perovskite thin film by controlled doping of K + may provide guidance and pave the way for superior component design of absorption materials for cost-efficient PSCs.
Introduction
Recently, perovskite solar cells (PSCs) were considered, by the public, as the most promising alternative photovoltaic devices as a result of their simple process and high efficiency [1] [2] [3] [4] [5] . Undoubtedly, perovskite thin film with superior surface morphology (such as better flatness, low defect density, and large and dense crystal grains) [6] [7] [8] [9] and excellent semiconductor properties (such as suitable exciton binding energy, long carrier lifetime, and appropriate band gap) [6, [10] [11] [12] , is normally considered to be vital for PSCs. In order to optimize some semiconductor properties of perovskite materials (such as the interface energy barrier, contact resistance, and carrier diffusion length), some intended doping has been used in absorbing materials based on photovoltaic devices [6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Previously, there were some published reports, which showed that Cs-and Rb-doped PSCs had better stability and higher power conversion efficiency (PCE) than pure PSCs [3, [15] [16] [17] . In addition,
Results and Discussion
The K + doping contents of 1.2 mL perovskite precursor solutions with the addition of 200 µL KI solutions of 0 M, 0.6 M, 0.9 M and 1.2 M were named 0M, 0.6M, 0.9M and 1.2M, respectively. The MAPbI 3 films with 0 M, 0.6 M, 0.9 M and 1.2 M were named MAPbI 3 +0M, MAPbI 3 +0.6M, MAPbI 3 +0.9M and MAPbI 3 +1.2M, respectively. Surface and cross-sectional SEM images for perovskite absorber layers with 0 M, 0.6 M, 0.9 M and 1.2 M are presented in Figure 1 , where we can see clearly the process of modulating surface morphology of the perovskite thin film via controlled doping of K + . In Figure 1e -h, we can see clearly the perovskite layer, M-/C-TiO 2 (Mesoporous-TiO 2 and Compact-TiO 2 ) layer and FTO layer from the top to the bottom. Although the surface of MAPbI 3 +0M (presented in Figure 1a ) is relatively flat, there are many pores (presented in yellow circle, Figure 1e ) in the interface between MAPbI 3 +0M and M-/C-TiO 2 . In addition, the sizes of grains are relatively smaller and there are more vertical grain boundaries in MAPbI 3 +0M (presented in the white circle, Figure 1e ). Relative to MAPbI 3 +0M, the surface of MAPbI 3 +0.6M (presented in Figure 1b ) is rough, but pores are not present in the interface between perovskite layer and M-/C-TiO 2 , which means the doping of K + can passivate the interface between MAPbI 3 +0M and M-/C-TiO 2 . Furthermore, the sizes of grains are bigger, and there are fewer transverse grain boundaries (presented in Figure 1b ). As for MAPbI 3 +0.9M (Figure 1c,g ), the surface has better flatness and grains are larger than for MAPbI 3 +0.6M, so that the transverse grain boundaries are greatly reduced and vertical grain boundaries are almost gone, which lead to a great improvement in its efficiency. From Figure 1d , we can find a super large grain (>4 µm in the longest direction), but there are LSV pores (presented in blue circle), boundary gaps (presented in yellow circle) and unidentified square protrusions (presented in red circle) on the surface of MAPbI 3 +1.2M. It is more important to note that there are also LSV pores (presented in blue circle) inside MAPbI 3 +1.2M according to Figure 1h , which greatly reduces the efficiency of the device. These LSV pores are caused by the inefficient discharge of the solvent from the interior of crystallizing perovskite due to the exorbitant perovskite CS. Through the comparison of these cross-sectional SEM images (Figure 1e-h) , we can find that MAPbI 3 +1.2M becomes very thick (~900 nm). Furthermore, the perovskite grain sizes increases (~500 nm,~700 nm,~2 µm and~4 µm, on average, corresponding MAPbI 3 +0M, MAPbI 3 +0.6M, MAPbI 3 +0.9M and MAPbI 3 +1.2M, respectively) with the increase in the doping concentration of K + according to the comparison of these surface SEM images (Figure 1a-d) . The perovskite grain sizes increase with the increase in the doping concentration of K + so that the number of grain boundaries of perovskite films decreases. In addition, the decomposition of perovskite films begins at the boundaries of perovskite grains, so the stability of devices increases with the increase in the doping concentration of K + .
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However, I3 − can effectively decrease the concentration of defects in organic-inorganic lead halide perovskite films [38] . The Energy dispersive X-ray Spectroscopy (EDX) of K-doped perovskite crystallite films and the specific values of quantifying doping levels are presented in Figure 5 and Table 1 , respectively. In the EDXs (Figure 5a-d) , we can see that the peaks of K elements (presented in blue circle) increase with the increase in the doping concentration, which is consistent with the values in Table 1 . The excess iodine coming from the KI solution can also affect the perovskite film performance, which is carried out by Equation (1) [37] and Equation (2) [37, 38] .
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However, I 3 − can effectively decrease the concentration of defects in organic-inorganic lead halide perovskite films [38] . The Energy dispersive X-ray Spectroscopy (EDX) of K-doped perovskite crystallite films and the specific values of quantifying doping levels are presented in Figure 5 and Table 1 , respectively. In the EDXs (Figure 5a-d) , we can see that the peaks of K elements (presented in blue circle) increase with the increase in the doping concentration, which is consistent with the values in Table  1 . The excess iodine coming from the KI solution can also affect the perovskite film performance, which is carried out by Equation (1) [37] and Equation (2) [37, 38] .
However, I3 − can effectively decrease the concentration of defects in organic-inorganic lead halide perovskite films [38] . Figure 6a ,b show the absorbance spectra and PL spectra of perovskite thin films with 0 M, 0.6 M, 0.9 M and 1.2 M, respectively. There are blue shifts of the absorption band edge wavelength and PL emission peak wavelength of MAPbI 3 +0.6M and MAPbI 3 +0.9M, and the red shift the absorption band edge wavelength and PL emission peak wavelength of MAPbI 3 +1.2M has taken place, compared to reference MAPbI 3 +0M, indicating that the energy band gap increases first and then decreases with the increase in the doping concentration of K + [5] . Figure 6a ,b show the absorbance spectra and PL spectra of perovskite thin films with 0 M, 0.6 M, 0.9 M and 1.2 M, respectively. There are blue shifts of the absorption band edge wavelength and PL emission peak wavelength of MAPbI3+0.6M and MAPbI3+0.9M, and the red shift the absorption band edge wavelength and PL emission peak wavelength of MAPbI3+1.2M has taken place, compared to reference MAPbI3+0M, indicating that the energy band gap increases first and then decreases with the increase in the doping concentration of K + [5] . Schematic illustration for the process of modulating surface morphology related to CS and optical semiconductor properties of perovskite thin films via controlled doping of K + is shown in Figure 7 . It gives a very detailed description of the process of modulating surface morphology (including grain size, surface flatness, transverse and vertical grain boundary quantity, internal LSV pores, surface LSV pores, pores in the interface between perovskite layer and M-/C-TiO2, thickness of perovskite thin film, boundary gap) and optical semiconductor properties (absorption band edge wavelength, PL emission peak wavelength, energy band gap) of perovskite thin film via controlled doping of K + prepared in air. It is worth emphasizing that the mechanism of large K + -doped perovskite grain formation is related to CS. The doping of K + leads to an increase in CS of perovskite grains during the intermediate stage, and results the formation of large perovskite grains during the final stage. However, excessive doping of K leads to a rapid perovskite crystallization speed that induces super large crystallizing grains and causes the solvent to not effectively discharge from crystallizing perovskite during the intermediate stage; as a result, LSV pores are formed inside the perovskite thin films and on its surface during the final stage.
The structure of the device is shown in Figure 8a . Figure 8b shows the J-V curves from RS for the devices with different doping concentrations of K + , measured under simulated sunlight (AM 1.5 G), and the detail photovoltaic parameters of PSCs is shown in the Table 2 . Voc has increased significantly via controlling doping of K + , as a result of elimination of pores in the interface between the perovskite layer and M-/C-TiO2 layer. Due to larger grains in the MAPbI3+0.9M and MAPbI3+1.2M, the corresponding devices obtain higher Jsc. Although the absorption spectrum of MAPbI3+0.9M is relatively low compared to other perovskite films, its device yielded the best performance (especially the Voc and Jsc) due to prolonged carrier lifetime, improved surface Schematic illustration for the process of modulating surface morphology related to CS and optical semiconductor properties of perovskite thin films via controlled doping of K + is shown in Figure 7 . It gives a very detailed description of the process of modulating surface morphology (including grain size, surface flatness, transverse and vertical grain boundary quantity, internal LSV pores, surface LSV pores, pores in the interface between perovskite layer and M-/C-TiO 2 , thickness of perovskite thin film, boundary gap) and optical semiconductor properties (absorption band edge wavelength, PL emission peak wavelength, energy band gap) of perovskite thin film via controlled doping of K + prepared in air. It is worth emphasizing that the mechanism of large K + -doped perovskite grain formation is related to CS. The doping of K + leads to an increase in CS of perovskite grains during the intermediate stage, and results the formation of large perovskite grains during the final stage. However, excessive doping of K leads to a rapid perovskite crystallization speed that induces super large crystallizing grains and causes the solvent to not effectively discharge from crystallizing perovskite during the intermediate stage; as a result, LSV pores are formed inside the perovskite thin films and on its surface during the final stage.
The structure of the device is shown in Figure 8a . Figure 8b shows the J-V curves from RS for the devices with different doping concentrations of K + , measured under simulated sunlight (AM 1.5 G), and the detail photovoltaic parameters of PSCs is shown in the Table 2 . V oc has increased significantly via controlling doping of K + , as a result of elimination of pores in the interface between the perovskite layer and M-/C-TiO 2 layer. Due to larger grains in the MAPbI 3 +0.9M and MAPbI 3 +1.2M, the corresponding devices obtain higher J sc . Although the absorption spectrum of MAPbI 3 +0.9M is relatively low compared to other perovskite films, its device yielded the best performance (especially the V oc and J sc ) due to prolonged carrier lifetime, improved surface morphology and crystallinity, which means the photovoltaic properties of the devices are improved via appropriate doping of K + . A promising efficiency of 8.14% was achieved for the 0.9 M K + -doped device with the carbon/FTO CE, and these simple and low-cost preparation techniques of high-class perovskite thin films and carbon/FTO CE under ambient conditions are beneficial for promoting commercialization. morphology and crystallinity, which means the photovoltaic properties of the devices are improved via appropriate doping of K + . A promising efficiency of 8.14% was achieved for the 0.9 M K + -doped device with the carbon/FTO CE, and these simple and low-cost preparation techniques of high-class perovskite thin films and carbon/FTO CE under ambient conditions are beneficial for promoting commercialization. 
Conclusions
The LSV-pore-free perovskite grains became significantly larger via moderate doping of K + . The mechanism of large K + -doped perovskite grain formation is related to CS and the theory that the CS of perovskite increases with the increase of K doping amount was suggested and preliminarily confirmed. The detailed description of the process of modulating surface morphology (including grain size, surface flatness, transverse and vertical grain boundary quantity, internal LSV pores, morphology and crystallinity, which means the photovoltaic properties of the devices are improved via appropriate doping of K + . A promising efficiency of 8.14% was achieved for the 0.9 M K + -doped device with the carbon/FTO CE, and these simple and low-cost preparation techniques of high-class perovskite thin films and carbon/FTO CE under ambient conditions are beneficial for promoting commercialization. 
The LSV-pore-free perovskite grains became significantly larger via moderate doping of K + . The mechanism of large K + -doped perovskite grain formation is related to CS and the theory that the CS of perovskite increases with the increase of K doping amount was suggested and preliminarily confirmed. The detailed description of the process of modulating surface morphology (including grain size, surface flatness, transverse and vertical grain boundary quantity, internal LSV pores, 
The LSV-pore-free perovskite grains became significantly larger via moderate doping of K + . The mechanism of large K + -doped perovskite grain formation is related to CS and the theory that the CS of perovskite increases with the increase of K doping amount was suggested and preliminarily confirmed. The detailed description of the process of modulating surface morphology (including grain size, surface flatness, transverse and vertical grain boundary quantity, internal LSV pores, surface LSV pores, pores in the interface between MAPbI 3 +0M and M-/C-TiO 2 , thickness of perovskite thin film, boundary gap) and optical semiconductor properties (absorption band edge wavelength, PL emission peak wavelength, energy band gap) of perovskite thin film via controlled doping of K + prepared in air was presented. A promising efficiency of 8.14% in a size of 0.2 cm 2 was achieved for the device with inexpensive carbon/FTO CE under one sun illumination. Obviously, mass production of cost-efficient K + -doped PSCs, with spongy carbon/FTO CEs, under ambient atmosphere, is possible. 
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